States of hunger and satiety are under ischymetric (i. e., rate of cellular energy production) control which depends on both substrate availability and hormonal composition. The latter varies in response to external (olfactory, gustatory and gastrointestinal) stimuli sensed by specific receptors and projected on lateral hypothalamic (LH) units from which departs the descendant control pathway of metabolic glands. This neurohormonal loop is responsible for the anticipatory glycemic and other changes observed during a meal and the preabsorptive "satiation" ending the meal long before the postabsorptive cellular repletion will induce the state of more permanent "satiety". New data on LH "sweet" taste projection and hypothalamo-pancreatic control are shown and strengthen the above view.
Ischymetric Dependence of Hunger and Satiety
Although homeorheusis 1 of glycemia is achieved through continuous utilization of endogenous reserves, the ultimate source of replenishment is located in the environment and has to be behaviorally acquired. In fact, numerous observations of feeding in animals [25] , and reports of hunger [28] in humans in relation to severe hypoglycemia led to the concept of a glucostatic mechanism of feeding and to its immensely seminal description as the glucostatic theory by Jean Mayer [23, 24] . The subsequent failure to explain persistent feeding in spite of large 1 Homeorheusis: the dynamic version of homeostasis, where rheusis (in Greek: flow) replaces stasis (in Greek: stagnation). It designates the maintenance of a value at a level which may vary, but only according to a biologically determined program, such as circadian or annual rhythms intravenous (iv) loads of glucose [1, 2, 20, 51] , together with the same reasoning for lipids and amino acids, led to other sorts of "molecular static" theories (for rev. see [59] ). All of them were justified by some reasonably good experimental evidence. Today, this partial validation of all of the previous hypotheses is explained by the ischymetric (ischys: power or rate of energy production) hypothesis [34, 38] which proposes that the ultimate stimulus of the specific arousal of hunger is the drop below a critical level of power production in specific diencephalic cells sharing the general metabolism of the body.
The hypothalamus can be considered from the metabolic point of view as a microcosm of the somatic macrocosm. Hypothalamic units are constantly informed of the repletion/depletion state of the inner milieu (for rev. see [44] ) and, at the same time, of recent ingestants [31, 32] . Taking into account the actual situation of energogenic reserves (adipose and other) and potential repletion (ingestants), hypothalamic units produce their own metabolic hormones [14, 58] and modulate the release of metabolic hormones from peripheral glands. The hypothalamus receives much more information than the plasma-concentration-oriented pancreatic endocrine cells. Following a well-adapted integration of all of them, the hypothalamus projects the final common order to the islet endocrine cells. In this integrative universe, we begin understanding a part of the early metabolic changes occurring at the preabsorptive phase of feeding and its potential role on feeding itself. The old unresolved problem of the early, preabsorptive satiation 2 seems to be due to a new metabolic situation of repletion induced in advance 2 Satiation is the state which terminates an ad libitum meal or drinking. It is characterized by the (pre-absorptive) disappearance of hunger or of thirst as opposed to the more permanent state of satiety of no hunger or no thirst which progressively replaces satiation during the interval between two successive ingestive events. In common language, satiation of water would correspond to "quenching" though "fullness" would express satiation for food 0012-186X/81/0020/0426/$01.80 R.Q. We shall consider some of these early metabolic adaptations as well as the afferent pathways, their projection to specific integrative cells and their efferent route to peripheral glands dealing with these early metabolic adaptations.
Metabolic Fluctuations and Feeding

a) Gas Exchange and Feeding
The hypometabolic state of hungry animals and humans as opposed to a hypermetabolic one during satiety was recognized since the beginning of measurements of metabolism [3] . The low level of O2 consumption and of respiratory quotient (R. Q.; i.e., respiratory signature of breakdown of fat reserves) of starved animals is replaced, after feeding, by a new, higher level of 02 consumption and R.Q. (indicating the utilization of a majority of carbohydrate substrates). More recently, it was shown that this switch from the metabolic state (02 and R. Q.) characteristic of hunger to that of satiety does not wait for the intestinal absorption of the ingestants to occur. The rise of R. Q. and of backround metabolism is reflexly triggered by oro-digestive afferent signals announcing nutritive repletion before the nutrient's intestinal absorption (Fig. 1 ). Equivalent metabolic (O 2 and R.Q.) adaptations are observed in tube fed rats. They are triggered by cues originated by the arrival of nutrients in the stomach in the absence of any movement of the rat [31] . In the rat, this anticipatory metabolic adaptation coincides with the end of the meal; i. e., with its pre-absorptive satiation [31, 32] . In other words, the metabolic rate tends to decrease when animals are depleted and hungry and it returns to higher levels as soon as the deficit is potentially covered by feeding.
According to the ischymetric view, hunger is precisely due to the lowered metabolic rate; its aggravation precipitates the onset of a meal ( Fig. 1 ) and its restoration causes permanent satiety. As far as the pre-absorptive satiation is concerned, it could also be due to the early pre-absorptive restoration of the metabolic rate. This early reversal of metabolism is made at the expense of rapidly and reflexively liberated metabolites from endogenous reserves. The concomitant increase in both 02 consumption and R.Q. show that the main endogenous substrate so mobilized is carbohydrate [30] .
b) Glycemia and Feeding
The first unequivocal oro-glycemic reflex was shown in the rat by means of a continuous aspiration through an iv cannula and a continuous in viva assay using an auto-analyzer (Technicon) (Fig. 2) [29, 32] . Oral stimulations with sucrose or saccharine solutions trigger an almost immediate hyperglycemic response (Fig. 2) , sometimes preceded by an short hypoglycemia. The hyperglycemic response is more dramatic in previously deprived rats, than in those fed ad libitum. The specificity and the reflex nature of such responses are well recognized today [54, 55] . The respective role of the oral vs gastro-intestinal receptors and the influence of sham feeding have been investigated in chronically implanted freely moving and eating animals.
c) Pancreatic Hormones and Feeding
It was also shown that the early glycemic adaptations are due to a dramatic, almost immediate, release of glucagon followed by a release of insulin [55, 57] . Although several hormonal factors may participate in the feeding-associated metabolic changes, the combined action of these two metabolic hormones can, by itself, explain the overall metabolic phenomena occurring at the onset of a meal. On one hand, the rapid hyperglycemic response can be accounted for by the early glucagon discharge and on the other, the rise of metabolic rate together with the R. Q. (meaning that the new metabolism uses carbohydrates predominantly) can be due to the insulin discharge. We shall restrict our study to this particular aspect of the variety of oro-visceral reflexes.
Sensory-Pancreatic Reflex LoopPathways and Centers
a) Peripheral Receptors and Ascending Pathways
Oral receptors and afferent pathways have been extensively investigated. Specific sweet-taste lingual receptors project distinctly to the nucleus fasciculus solitarius, from which they ascend toward the forebrain following two separate pathways. Discriminatory vagal afferents from the gastrointestinal wall have also been described [26] , like the upper intestinal chemo-sensitive information they project into the nucleus fasciculus solitarius. As far as the two ascending pathways are concerned, one is the classical lemniscal bundle ending in thalamic relays from which originate the thalamo-cortical projections leading to conscious perception of sweetness. We shall deal with the second ascending pathway ending within hypothalamic and limbic structures from which originate visceral nerves of non-conscious autonomic controls. The progression of the pathway from the nucleus fasciculus to the hypothalamolimbic system was carefully investigated by Norgren [40] . He described a (at least partial) first projection of gustatory fibers in the tegmental area with relay in the pontine area which also receives direct glossopharyngeal afferents. Besides the hypothalamic projections, there are also ipsi-and contralateral thalamic ones. The hypothalamic projections are bilateral and lie essentially in an area extending from the descending fornical column to the internal capsule laterally and the bed nucleus of the stria terminalis from which the gustatory information can reach the amygdaloid complex. These sites are in quite good agreement with those projections described previously and subsequently. Since our first report of gustatory projections in lateral hypothalamic areas [31, 32] , this non-orthodox type of sensory projection has been widely confirmed, not only for gustatory [40, 41] but also for olfactory [52] and some more-complex visual motivation-bound stimulations [50, 60] . Although our first investigations dealt mainly with non-sweet gustatory modalities, it is now established that the LH area is the site of projection of lingual sweet stimulations which are independent of motivational determinants, since, as we show below, they were found in anesthetized preparations.
b) Specific Non-motivation-bound Lateral Hypothalamic Projections of Lingual Sweet Stimulations
Materials and Methods
Fourteen, 24-hour food-deprived rats anesthetized with chloralose were used in these experiments. After oesophageal ligature, their mouth was kept open by forcing the jaw downwards. A new apparatus for specific gustatory stimulation was used in these experiments. Two cannulae were introduced at the level of the declivitous lingual V without touching it. One was filled with a 20% glucose solution and the other one contained a control solution of 20% mannitol. Both cannulae were surrounded by an independent tubing through which water at 34 ~ was continuously applied. Previous measurements had shown that under these conditions, the stimulating fluids were kept at 33.4 + 0.6 degrees from the very first drops to the end of the 2 ml fluid flowing out for a period of 10 seconds.
Recording of single hypothalamic units was made by stainless steel concentric electrodes. Their tip diameter was electrolytically sharpened to 1.5 to 2 ~t and their impedance approximated 1
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Fig . 3 . Location of units responding to glucose stimulation of the tongue but not to mannitol nor to the other arousing stimuli megaohm. The pauci-unit activity was selected by using electronic gates in order to retain on single unit to be tested for its response to glucose stimulation of the tongue, provided that the response was specific; i. e., if a similar response was also found after a control mannitol application, the unit was discarded. All of the investigated units were previously tested with non-specific arousal stimuli such as noise or skin pinching. Those units responding to nonspecific stimuli were not studied for their taste responsiveness. The anatomical location was obtained by using the Prussian blue technique after electrolytic marking of the recording tip.
Results
Among the 106 noise and skin pinching-indifferent units, only four were responsive to glucose solution but not to mannitol. Three of these units were inhibited and one showed a clear acceleration. The last unit was located in the external parafornical area (Fig. 3) , though the units whose basal activity was decreased were scattered more externally; one was in the lower limit of zona incerta and the two others within the most external part of the medial forebrain bundle (Fig. 3) . The latency of response was difficult to measure with satisfactory precision because the precise instant of sensory impact by the solution is difficult to assess. It seems that all of the latencies were longer than 80 msec and less than 175 msec. The response was persistent for as long as 1.3 to 4.5 minutes. The unit which showed an excitatory response to the sweet taste was also sensitive to the ambient brightness. Switching off the lights was a potent stimulus evoking a type of "slow adapting" activity. When darkness and glucose were applied simultaneously, the response was similar to that of switching off the lights.
c) Hypothalamic Integrative Units
The lateral hypothalamic area is scattered with units which possess integrative properties. The same units firing specifically to chemicals injected in the internal carotid artery respond also, in a similar way, to the same chemicals applied on the tongue [31, 32] . Since this first description, other interoceptive and exterocePtive convergences were found, making this area a powerful integrative "device" for a 'variety of information known to play a modulatory role on glycemia. In particular, Rolls and his co-workers [49], using conscious monkeys, have shown that in this same LH area extended to the substantia innominata, 13% of the activity of the neurons was related to feeding. The activity of 2% of them was altered only during the ingestion of glucose containing fluids. The majority of these neurons respond to the sight of the nutritive substance, though they do not respond while the monkey is looking at non-food objects. An important property of these units is that they do not respond to either of the above visual or taste stimuli when the animals are satiated. In other words, the responsiveness of these taste-sensitive units varies according to the animal's motivation. The motivational prerequisite of the monkey taste-sensitive units is confirmed by observations of their activation by convergent information of reward originated by both natural stimuli and brain-stimulations [50] . This observation does not apply to sweet taste hypothalamic projection found in chloralose-anesthetized rats. As we mentioned above, the degree of the orally elicited hyperglycemic response was found to be dependent on the duration of starvation preceding the experiment [32] . Despite the fact that rats were anesthetized in these experiments, the fact that all of the peripheral inputs converging in LH glucosensitive cells show long latencies indicate that the uriderlying pathways could not be exactly the bi-synaptic ones described by Norgren [41], nor the thalamus-mediated ones reported by Emmers [8] . Rather, they seem to be the end of a polysynaptic system superimposing many individual distorsions to the objective information arriving from the periphery. [14, 58] and the local production of perhaps all of the metabolically active peptides such as somatostatin [4] , the hypothalamus tends to appear as the best microcosmic metabolic image of the whole body macrocosm. This is the working hypothesis that we shall consider next, before studying the efferent command, finally generated in the LH, and directed toward the pancreatic islets.
d) The Effect of False Lipogenic Information Applied Directly in the Hypothalamus
The working hypothesis in this investigation was derived from the above conclusion and dealt with the way the level of body weight is signalled to the hypothalamus and elicits corrective responses. Long term body energy regulation is achieved because those central structures which control metabolic and ingestive responses continuously take into account the actual total body lipid stores. It has been generally asserted that the peripheral message to the brain is necessarily some circulating factor(s) proportional to the amount of the somatic fat storage. We have proposed an alternative mechanism continuously able to inform the brain of the state of peripheral stores; i. e. the possibility that some neural elements (neuroglial complexes) possess, at the level of their excitable membrane, an enzymatic equipment similar to that of peripheral adipocytes [35] . As a result, excitability of the centers should decrease when lipogenesis increases, thus becoming a central index (microcosm) proportional to the peripheral fat con-S. Nicolaidis: Hypothalamus, Metabolism and Feeding tent (macrocosm) without the contribution of any centripetal signal. The feasibility of such a mechanism was confirmed by measurement of hypothalamic fragments of obese rats. These were found to contain more lipids than the hypothalamic fragments of control animals and more than those of lean rats. This difference was not found in fragments of cerebellum [35] . Accordingly, an experimental alteration of the local hypothalamic adiposity should be able to fool the "regulator" and to generate a negative feed-back displacement of the peripheral adiposity. Rats with bilaterally implanted cannulae at the level of the descending fornical column were continuously infused with a 0.005 IU/ptl insulin solution (1.5 ~tl/h) while control rats received the solvent. Rats whose hypothalamus was thus exposed to the lipogenetic hormone insulin for 3 to 7 days became hypophagic until they reached a lower body weight which thereafter was defended for as long as three months. Figure 4 shows a typical example of a pair of littermates of equal initial weight. After bilateral cannula implantation and post-operative recovery, they were continuously infused with the insulin solution for seven consecutive days. Infusion of the vehicle did not significantly modify food intake and, as far as body weight was concerned, short-term and longterm gain was normal. On the contrary, intrahypothalamic insulin brought about a rapid decrease in both food intake and body weight. Most remarkable was the long-lasting effect on body weight regulation, which was achieved around a lower level. Notice, however, that near the end of the period of observation (8th week) a slight tendency to approach the control level of body weight was obvious. This longdelayed tendency is typical and suggests that some additional compensatory mechanism does exist and has to be investigated. These data confirm our preliminary report [36] on rats and similar elegant data on intraventricular insulin infusion on baboons recently published by Woods et al. [63] .
e) LH Control of Glucagon and lnsulin Secretion and Efferent Pathways
There are many ways the hypothalamus can act upon pancreatic islet secretion. One of its modulatory actions can utilize a hormonal route since growth hormone, somatostatin, thyroxin, cortisol, estrogens and androgens, in addition to the hypothetical insulin releasing substance [18] , regulate the tone of islet responsiveness. In this paper we do not deal with such mechanisms nor do we consider the role of local catecholamines which is reviewed by Steffens elsewhere in this volume. Rather we shall report our recent findings on the role of the LH area on glucagon and insulin secretion and on the neural efferent pathway of this control. Contrary to the generally suggested role of the VMH to inhibit insulin secretion [10, 17, 56 , 65, for a review see 64] and enhance glucagon secretion, the action of the lateral hypothalamus on these two hormones is controversial. The usual conception of the dual-center functioning of feeding behavior and related functions predicted that the LH (a parasympathetic center) would be antagonistic to the VMH (a sympathetic center) area enhancing insulin and inhibiting glucagon secretion. This effect was reportedly shown by early investigations. Bilateral destruction of VLH was reported to result in a decrease of plasma insulin in rats [56] and genetically obese mice, with no change in normal mice [6] . Electrical stimulation of the VLH reportedly caused hypoglycemia [12, 21, 53] with its logical hormonal effects of increased plasma insulin [18, 22, 56] . However, other investigators did not find changes in fasting insulin level [11] . In another report, VLH stimulation resulted in an increase in blood glucose [5] and in glucose and glucagon levels without substantial change of insulin level [47] . The contradiction of previous data, the methodological problems of constant voltage stimulations whose characteristics were incompatible with circumscribed activation, and the absence of appropriate controls or histological analysis, led us to consider the VLH action on islet secretion as a question still open to discussion and to undertake a series of new experiments [15, 16] .
Thiopenthal-anesthetized, enterectomized (in order to exclude enteroglucagon) fed-ad-libitum rats were used in these experiments. They were first bilaterally implanted with 2 bipolar electrodes cemented to the skull and then removed from the stereotaxic instrument which, in preliminary experiments, was shown to alter pancreatic hormones and glycemia by the stress of its attachment. The abdominal operation consisted of catheterization of the portal vein with the catheter tip placed just below the pancreatic vein, and in neural sections or adrenalectomy whenever it was necessary. The electric stimulations were delivered through two insulation units equipped with a constant current device regulated to maintain 6 ~xA with 50 Hz, 2 ms impulses. The rat was allowed to recover from surgery, thermoregulated and kept under a 95% 02 + 5% CO 2 atmosphere. Control rats were submitted to an identical schedule except that the stimulating cables were not connected to the stimulator. In addition, extra-LH implantations were performed to test the effect of identical extrahypothalamic stimulations. All animal tissues were fixed in formalin in vivo and careful histological investigation was made in order to map the stimulating electrode tips.
In the first series of experiments, the stimulation site was aimed at the LH area in which electrophysiologicaI recordings had shown units responding to lingual sweet stimulations (compare sweet taste projecting sites to those eliciting glucagon release and insulin hyporesponsiveness in Figure 5 ).
The main findings of these experiments show that the LH area, from the descending fornical column to the internal capsula and up to zona incerta, is the site from which stimulations elicit an increase in portal plasma IRG. The portal IRI level was kept low in spite of the unequivocal rise of blood glucose level. This control was transmitted mainly by splanchnic nerves whose section favored an increase in plasma IRI. Vagotomy had an opposite effect on IRI which decreased when LH was stimulated bringing about hyperglycemia and persistence of IRG discharge.
Metabolic Endocrine Responses as the Final Common Pathway of a Cascade of Integrations
The activity of the endocrine pancreatic cells takes into account the plasma composition of the metabolites themselves and, in addition, other humoral and nervous messages. All of these three controllers of the islet cell can be influenced by various hypothalamic mechanisms. This is true for the plasma substrate composition which can be modified through other endocrine and perhaps direct nervous routes. But, this is more subtle through hormonal or neuromodulatory factors known to influence the tone of secretory responsiveness of the islet cells. This paper dealt with the third type of hypothalamic control of metabolism acting upon peripheral glands, among which the pancreas occupies a prominent position. Nervous modulation of glucagon and insulin release was shown to be very powerful. Such rapid and dramatic mobilizations of metabolic hormones and mobilization and storage of metabolites is often met not only in various irregular circumstances such as effort or stress, but also in a very regular one, feeding. In feeding the subtle and powerful central modulation of pancreatic secretions elicits anticipatory and optimizing responses and smoothes the metabolic stress of ingestion [32, 37] . In fact, it seems to do much more, since the central modulation of metabolism may be sensed by ischymetric receptors determining in turn the degree of hunger and satiety and that of the transient satiation on which depends the size of a meal. This double feed-back influence seems to be responsible for the harmony between metabolic needs and behaviors like feeding and sleep [7] dealing with the renewal, storage and utilization of energogenic substrates. 
Discussion after the Presentation by Nicolaidis:
Berthoud: Have you infused lipolytic agents into the hypothalamus to see if the rats would eat more and gain weight?
Nicolaidis: Yes, we are continuing these studies now. The results are not as dramatic as when we infuse the lipogenic agent insulin, but they are suggestive nevertheless. So far we have used epinephrine and a few cyclic-AMP modifiers. Sometimes these agents work and sometimes they don't. The results are not so reproducible, but we have seen reliable increases of food intake and body weight.
Steffens: Since catecholamines are elevated when eating occurs, could the increase of oxygen consumption you see when animals eat simply be caused by increased epinephrine and nor-epinephrine?
Nicolaidis: That's possible, of course, but elevated catecholamines do not increase oxygen consumption in all tissues; and in fact, it may go down in some tissues. We measure total body oxygen consumption in our experiments.
Porte: Actually, in humans, I would think that whole body oxygen consumption would be increased by epinephrine. It is certainly stimulated in muscle and adipose tissue. What tissues are not stimulated?
Nicolaidis: Brain, the intestines and connective tissue do not increase their oxygen consumption to increased epinephrine.
Van Houten: At the electron microscopic level, we have seen neurons in the basal hypothalamus which appear to have increased levels of phospholipids in membranes associated with the endoplasmic reticulum (J Comp Neurol (1978) 178: 89). Like both yourself and Panksepp, we have wondered whether these cells might be an analogue of the periphery. Unfortunately, we haven't been able to pursue this work for want of a method of quantification.
Nicolaidis: I am encouraged by your findings and hope you find a way to pursue them. Perhaps you could look at animal models which have altered body weights.
Sclafani: Can you be certain that your prolonged infusions are not simply damaging the lateral hypothalamic area since damage there would cause the same results?
Nicolaidis: Yes, we have made extensive examinations of the brains of all of our rats and have found no evidence of damage. Further, the control rats receive the same volume and rate of infusion but yield different results.
Smith: What were the specific changes of lipid content which you observed in the hypothalamus of rats at elevated weights?
